In this study, the metastable phases that can be formed in Al 80 Fe 10 Ti 5 Ni 5 alloy by melt spinning and mechanical alloying techniques have been investigated. The produced samples were examined by X-ray diffraction, transmission electron microscopy, and differential scanning calorimetry. The results showed that the phases in Al 80 Fe 10 Ti 5 Ni 5 alloy during rapid solidification are Al 13 (Fe,Ni) 4 , Al 3 Ti and amorphous phases. The formation of equilibrium phases was completely suppressed by mechanical alloying. It is of note that supersaturated solid solution, decagonal, and amorphous phases are three separated phases that can be formed during mechanical alloying of an Al10%Fe5%Ni5%Ti powder mixture.
Introduction
Interest in the study of high strength light-weight materials has increased in recent years because of strong demand for energy savings and emission reductions in automobiles and aircrafts. To date, ordinary high strength Al-based alloys have been developed by the use of precipitation hardening, grain refinement, dispersion strengthening, work hardening and fiber reinforcement. 1, 2) Generally, the ultimate tensile strength of wrought aluminum alloys is in the range of 550600 MPa. The Al-rich amorphous/quasicrystalline alloys have opened up new possibilities for realizing high strength aluminum alloys whose strength reaches 1560 MPa. 36) Among the aluminum alloys, AlFe alloying system is of interest due to the different metastable phases that can be formed in this alloying system. 7) Since the early research on the formation of metastable phase in AlFe alloys, the structural changes in several alloys in this alloying system during non-equilibrium processes have been investigated. There are several metastable phases in rapidly solidified and mechanically alloyed AlFe base alloys. The quasi-crystalline phases observed in rapidly solidified AlFe alloys have been found to be either icosahedral or decagonal.
817)
Although there have been numerous studies on metastable phases in AlFe binary alloys, the effects of alloying elements on the formation of metastable phases in this alloying system have received relatively little attention. The aim of this work is the study of metastable phases that can be formed in Al10%Fe5%Ni5%Ti (one AlFe base system which alloyed by Ni and Ti) alloy via non-equilibrium techniques. For this purpose, melt spinning and mechanical alloying (MA) methods have been employed. The produced samples were investigated by X-ray diffraction (XRD), transmission electron microscopy (TEM), and differential scanning calorimetry (DSC).
Experimental
A master alloy with a nominal composition of Al10%Fe 5%Ni5%Ti (in at%) was prepared by standard argon arc melting of 99.9% purity Al, Fe, Ti and Ni. The produced alloy was re-melted several times to ensure homogeneous mixing. The melt-spun ribbons were produced by injecting the melt onto a rotating copper wheel of 300 mm diameter with substrate velocities in a range of 1040 m·s ¹1 . Powders of Al (99%), Fe (99.9%), Ti (99%) and Ni (99.99%) were used as raw materials. The elemental powders with composition of Al10%Fe5%Ni5%Ti were mechanically alloyed with a planetary ball mill under an argon atmosphere in a steel container at room temperature. Rotation speed of 250 rpm and a ball to powder ratio of 10 : 1 were employed. 1 mass% stearic acid powder supplied by Merck was used as the process control agent (PCA).
The produced samples were characterized by XRD, TEM, and DSC. The XRD analysis was performed using a Philips diffractometer (40 kV) with Cu K¡ radiation (step size 0.03°, time per step 1 s). The microstructure of the produced amorphous powder was investigated using a high resolution transmission electron microscopy (HR-TEM, Jeol-JEM-2010) and a selected area diffraction pattern (SADP) analysis was operated at an accelerating voltage of 200 kV with a resolution of 0.19 nm. A DSC analysis was also conducted to study the thermal stability of the produced samples using a Reometric STA 1500 differential thermal analyzer. The samples were placed in Al 2 O 3 pans and heated under a dynamic Ar atmosphere.
Results and Discussion

Structural change during solidification
In order to study the structural change of the Al10%Fe 5%Ni5%Ti master alloy during slow solidification, a DSC analysis has been conducted. The selected cooling rate in the DSC analysis was 10°C/min. At this cooling rate, the solidification occurred just below the equilibrium condition. Figure 1 shows the XRD pattern of the slowly solidified Al 10%Fe5%Ni5%Ti sample (i.e., the DSC sample). According to this XRD pattern, the equilibrium products in the Al 10%Fe5%Ni5%Ti alloying system are Al 13 There are many factors, such as solidification rate, superheat, melt spinning atmosphere, gap distance between nozzle and wheel, and wheel surface quality, that influence the cooling behavior and the structure and properties of the rapidly solidified alloy. A slight variation in the process parameters can often cause large variation in the microstructure and properties of the produced samples. Heeding this factor, all of these parameters were kept nominally constant in the present study and the effect of the solidification rate on the microstructure of the melt spun ribbons has been studied. In order to understand the effects of the solidification rate on the microstructure of Al10%Fe5%Ni 5%Ti alloy, melt spinning was performed at different wheel speeds and the produced samples were examined via an XRD analysis. The XRD patterns of the melt spun Al10%Fe 5%Ni5%Ti alloy quenched at different wheel speeds are presented in Fig. 2 . According to this figure, the main phases in the melt spun samples produced at low wheel speed (lower than 10 m·s ¹1 ) are Al 13 (Fe,Ni) 4 and Al 3 Ti phases. By increasing the wheel speed, the peak intensities of the Al 13 (Fe,Ni) 4 and Al 3 Ti phases decreased and one amorphous hallo appeared in the XRD pattern. As can be seen, the XRD pattern in the sample subjected to 40 m·s ¹1 wheel speed consists of amorphous and Al 3 Ti phases and there is no evidence of Al 13 (Fe,Ni) 4 phase. The HRTEM examination of the highest wheel speed sample presented in Fig. 3 is also in agreement with the XRD results. Hence, the microstructural change in Al10%Fe5%Ni5%Ti alloy by increasing the solidification rate can be written as: Al 13 
Microstructural change during mechanical alloying
In order to study the microstructural change of the Al10%Fe5%Ni5%Ti powder mixture during MA, ball milling was performed in a planetary ball mill under an argon atmosphere. The XRD patterns of the produced phases and compounds after various milling times are shown in Fig. 4 .
Based on equilibrium phase diagrams, the equilibrium solid solubility of Fe, Ni and Ti in Al lattice at room temperature is very low (less than 1 at%). In contrast to conventional alloying methods, ball milling is able to form a supersaturated solid solution. 19) From the results of Fig. 4 , it can be confirmed that by milling the Al10%Fe5%Ni5%Ti powder mixture for 10 h, the Ni, Ti and Fe atoms dissolve in the Al matrix and one supersaturated solid solution has been formed.
The mechanically milled structure is in a metastable state. 20) So it is generally expected that considerable structural and phase changes occur upon heating the milled powder. 21) In order to study the structural change of supersaturated solid solution during heating, a DSC analysis has been employed. The DSC trace of ball milled Al 10%Fe5%Ni5%Ti shown in Fig. 5 reveals one large exothermic and one narrow endothermic peak. To analyze the microstructural change of the supersaturated solid solution during the exothermic reaction (around 500°C), the produced solid solutions were annealed at 550°C for 20 min. The XRD patterns of the samples before and after annealing are presented in Fig. 6 . As seen here, the XRD pattern of the annealed sample consist of Al 13 (Fe,Ni) 4 , Al 3 Ti and Al peaks. From Figs. 5 and 6, the supersaturated solid solution is found to be decomposed and Al 13 (Fe,Ni) 4 and Al 3 Ti are formed during the exothermic reaction. It is clear that the endothermic peak (around 660°C) in the DSC curve of this specimen is related to the melting of remaining Al.
According to Fig. 4 , by increasing the milling time up to 20 h, two narrow peaks appear in the XRD patterns. The HRTEM analysis of the 20 h ball milled sample presented in Fig. 7 shows that these peaks in the XRD patterns correspond to the decagonal phase (D-phase). So, D-phase is another phase that can be formed during milling of the Al10%Fe 5%Ni5%Ti powder mixture. Analysis of the XRD (Fig. 4) and TEM (Fig. 8) results reveals that the D-phase which was formed from the solid solution could be amorphized by further milling. The formation mechanism of quasicrystalline (such as D-phase) and amorphous phases during mechanical alloying is similar and generally attributed to microstructural breakdown followed by the interdiffusion of elements 6) or mechanically driven atomic mixing 21, 22) among previously formed nanocrystalline multilayers. During MA, destabilization of the crystalline phase is thought to occur by the accumulation of structural defects such as vacancies, dislocations, grain boundaries and anti-phase boundaries. These defects raise the free energy of the alloying system to a level higher than that of the quasicrystalline and amorphous phases and consequently, it becomes possible for these phases to form. 2325) Although, amorphous phases are far from the equilibrium and the quasicrystalline phases are intermediate in departure from equilibrium between an amorphous phase and an equilibrium crystalline phase, the natures of the phases which can be formed during MA (amorphous or quasicrystalline), extensively depend on the alloy composition and the intensity of milling procedure. 6) According to above, the product of performed mechanical alloying (for longer than 40 h) of Al 80 Fe 10 Ti 5 Ni 5 powder mixture is an amorphous phase. Hence, the structural changes in this alloy during the MA process can be written as: The amorphous phase is in a metastable state and considerable structural and phase changes can occur upon heating. In order to study the thermal stability of the produced amorphous phase, the sample was examined by DSC under continuous heating conditions. Figure 8 shows the DSC heating traces of the Al 80 Fe 10 Ti 5 Ni 5 amorphous alloy. As seen in this figure, one exothermic peak (at 950°C) appears in the DSC curve. To analyze the crystallization process responsible for this exothermic peak, the as-blended sample was annealed in an Ar atmosphere at 1000°C for 20 min. The XRD pattern of the Al 80 Fe 10 Ti 5 Ni 5 amorphous phase after annealing at 1000°C is presented in Fig. 9 . As can be seen here, the annealed sample consists of mainly Al 13 (Fe,Ni) 4 and Al 3 Ti intermetallic phases. Therefore, the exothermic peak in Fig. 10 should be attributed to the precipitation of Al 13 (Fe,Ni) 4 and Al 3 Ti intermetallic phases from the amorphous phase.
Conclusions
In the present paper, the fabrication of metastable phases in Al 80 Fe 10 Ti 5 Ni 5 alloying system by means of mechanical alloying and melt spinning methods has been investigated. The results showed that the main phases in the melt spun samples produced at low wheel speed (lower than 10 m·s ¹1 ) are Al 13 (Fe,Ni) 4 and Al 3 Ti. By increasing the wheel speed, the peak intensities of the Al 13 (Fe,Ni) 4 and Al 3 Ti phases decreased and one amorphous hallo pattern appears in the XRD pattern. The formation of equilibrium phases was completely suppressed by mechanical alloying. Supersaturated solid solution, decagonal, and amorphous phases are three separated phases that can be formed during mechanical alloying of an Al10%Fe5%Ni5%Ti powder mixture. 
